Objectives: To describe a consecutive series of children with laryngeal mobility disorders assessed by laryngeal electromyography (LEMG), to propose a grading system for LEMG findings, and to determine whether the LEMG grades correlate with requirement for tracheostomy.
H
IRANO AND OHALA 1 FIRST introduced laryngeal electromyography (LEMG) in 1969 for the diagnosis of movement disorders in the larynx. In adults, it is commonly performed in the outpatient clinic while the patient is awake. In this setting, it is mainly used to confirm the presence of laryngeal paralysis (LP), assess the degree of specific muscle function, determine topognosis (vagal branches of the larynx), and differentiate true paralysis from mechanical dysfunction, potentially affecting the decision for the therapeutic intervention. 2 Despite some interest in applying this test in children, it remains rarely used. As such, the precise clinical indications for LEMG in this age group are not agreed on, nor is there a standardized technique to execute the test or a valid method to rate its findings. 3 We therefore performed a retrospective chart review of all children diagnosed as having laryngeal mobility disorders and attempted to determine the utility of LEMG. Specifically, our objectives are to describe a reproducible technique of LEMG in a consecutive series of children with laryngeal mobility disorders, propose a grading system for the findings, and determine whether the grades of the system correlate with requirement for tracheostomy.
METHODS
This is a retrospective, observational, uncontrolled study. The local ethics review board granted permission (registration number Po00026714).
PATIENTS AND PROCEDURES
All the children diagnosed as having laryngeal mobility disorders who were managed in a single pediatric otolaryngology practice (based at the Stollery Children's Hospital) and underwent LEMG were eligible for inclusion. The patients were identified from a prospectively collected surgical database.
The standard of care in this practice has been to subject all children with suspected laryngeal mobility disorders to LEMG while performing diagnostic endoscopy under general anesthesia. Monopolar electrodes were used to sample the thyroarytenoid and posterior cricoarytenoid muscles bilaterally and sequentially. If no potentials were detected, the muscle was sampled twice again. The chest wall movement was monitored using surface electrodes that were direct-current coupled. This allowed synchronization of the respiratory cycle with LEMG recordings. The LEMG results and chest wall movements were recorded using a Cadwell Cascade Elite intraoperative neuromonitoring machine. Chest wall movements were low-pass filtered (3 Hz) to reduce interference from the electrocardiogram. The LEMG results were band-pass filtered (3-3000 Hz) and amplified 2000 times. At least 5 respiratory cycles were recorded and the time base was adjusted to allow for the visualization of at least 3 respiratory cycles on a single screen, irrespective of the respiratory rate.
Irrespective of the method of induction of general anesthesia, the children were kept spontaneously breathing while the airway was examined and the LEMG results were recorded. Inhalational agents were avoided during LEMG and judgment of laryngeal mobility; instead, total intravenous anesthesia (propofol and remifentanil hydrochloride) and topical lidocaine, 1%, were used. The endoscopic examination included flexible transnasal laryngoscopy, rigid bronchoscopy, and microlaryngoscopy. During the latter, palpation of the cricoarytenoid joint was performed to rule out fixation and subluxation.
Only children whose LEMG results were available and who had a minimum follow-up of 3 months were included. The following variables were collected for each patient: demographic data (age in years, sex), diagnoses, surgical procedures, number of LEMG procedures performed and interval between them, grading of each muscle and overall grade of the larynx (5 ordinal grades), endoscopic diagnosis (normal or abnormal), whether a tracheostomy had been required, and complications.
The LEMG findings of each of the 4 muscles were allocated a score from 0 to 4 based on the presence or absence of action potentials (APs), their amplitude, and their timing in relation to the appropriate phase of the respiratory cycle. Therefore, grade 4 indicates an AP in the correct phase more than 75% of the time and of excellent amplitude, whereas grade 0 is allocated to the finding of a similar AP but paradoxical in timing. For grade 2, the AP is essentially absent or less than 25% of that expected. Grade 1, on the other hand, is haphazardly distributed between appropriate and inappropriate phases of respiration, and the amplitude would be around 50% of the expected normal amplitude. Lastly, in grade 3, the AP is recorded during the normal phase of the respiratory cycle and around 50% of normal activity (Table 1, Figure 1 , and Figure 2 ). The graded LEMG recording was always the initial one performed.
We also documented the presence or absence of a secondary airway lesion and the presence or absence of another diagnosis that affects the respiratory reserve. Secondary airway lesions included laryngomalacia, tracheomalacia, subglottic stenosis, webs, etc. Other diagnoses that affect the respiratory reserve included chronic lung disease, hypotonia, central respiratory disorders, and others.
The clinical diagnoses assignment was dependent on the clinical and endoscopic features. Bilateral abductor LP was diagnosed if the patient presented clinically with stridor, with or without increased work of breathing, swallowing dysfunction, and sleep-disordered breathing. The endoscopic features had to be similar in the awake and sedated states, demonstrate lack of abduction, and show normal passive movement on palpation. Patients with unilateral abductor LP presented with dysphonia and features of aspiration on oral feeds. The endoscopic features were unilateral findings similar to those described for the bilateral diagnosis. Laryngeal dyskinesia was diagnosed as per Denoyelle et al. 4 Specifically, infants with laryngeal dyskinesia present with a picture similar to that of bilateral LP but their endoscopic abnormalities are exhibited only in the awake state. Finally, arytenoid dislocation was diagnosed as described by Rubin et al 5 during full endoscopic assessment. 
STATISTICAL ANALYSIS
Descriptive statistics were determined. Correlation (Spearman coefficient) was determined between the requirement for tracheostomy and the following: (1) mean overall grade of LEMG results, and (2) mean abductor and adductor muscles LEMG grades. Multiple linear regression analysis was performed, considering the requirement for tracheostomy (score of 0 or 1) as the dependent variable. The independent variables were the LEMG score (score of 0-4), the presence or absence of a secondary airway lesion (score of 0 or 1), the presence or absence of a diagnosis that may affect the respiratory drive (score of 0 or 1), age in months, and sex (male being scored as 1 and female being scored as 0). Significance was held at P Ͻ .05. The sensitivity and specificity were determined. This analysis tested the finding of a fully normal LEMG grade of 4 against the finding of a fully normal movement on endoscopy (this was performed for each hemilarynx individually). The statistical analyses were performed using SigmaStat and SigmaPlot version 3 statistical software (Systat Software, Inc).
RESULTS
Between April 28, 2008, and November 2, 2011, 43 LEMG procedures were performed on 23 consecutive patients, 15 of whom had only 1 recording (mean [SD], 1.9 [1.7] ; range, 1-8). There were 13 females. The mean age was 1.5 years at the first LEMG (SD, 2.85 years; range, 10 days to 12.6 years).
Sixteen patients had a confirmed diagnosis of LP (11 bilateral, 5 unilateral), 4 were diagnosed as having laryngeal dyskinesia, and 3 were normal (1 with suspicion of vincristine sulfate toxic effects who was diagnosed eventually as having laryngitis, 2 with suspected LP who turned out to have posterior glottic stenosis [1 patient] or left arytenoid dislocation secondary to intubation [1 patient]).
Among the cases of bilateral LP, 9 were congenital and 2 were secondary to cardiac surgery. As for the unilateral group, 4 were left sided and 1 was right sided. The latter was secondary to tracheoesophageal fistula repair, while 2 occurred after repair of persistent ductus arteriosus and 2 occurred after first-stage surgery for left hypoplastic heart syndrome.
Fourteen children had secondary large airway lesions (other than LP), 5 of whom had more than 1. The secondary airway lesions were subglottic stenosis (5 patients: 3 with grade 1, 1 with grade 2, and 1 with grade 3), posterior glottic stenosis (1 patient with grade 3), laryngomalacia (3 patients: 2 with type 1 and 1 with type 2), laryngeal cleft (3 patients: 2 with type 1 and 1 with type 3), and tracheomalacia (3 patients: all severe, 1 secondary to tracheoesophageal fistula). Two patients had iatrogenic arytenoid dislocation, 1 had laryngeal web, and 1 had a laryngeal granuloma secondary to intubation.
Fourteen children had a nonairway diagnosis that affected respiration. These were chronic lung disease (2 patients, who were extremely premature at birth), congenital heart disease (1 patient had ventricular septal defect, 4 had left hypoplastic heart syndrome), hemidiaphragmatic paralysis (1 patient), hypotonia (3 secondary to CHARGE syndrome, 1 secondary to velocardiofacial syndrome, and 1 secondary to trisomy 13 syndrome), and central sleep apnea (1 patient).
Eight children in total required tracheostomy. Two were decannulated at the time of writing this article, and 1 died of complications related to cardiac surgery and multiorgan system failure.
The mean interval between the first and second LEMG recordings was 4.5 months. The mean interval between the second and third recordings was 9 months.
The mean (SD) LEMG overall score at baseline was 2.8 (1.0), the mean (SD) adductors score was 2.6 (1.0), and the mean (SD) abductors score was 2.8 (0.9). Further, the same calculation was performed for each diagnosis: bilateral LP, unilateral LP, laryngeal dyskinesia, and normal ( Table 2 ). The mean scores were 4 in the normal patients, 3.05 in those with unilateral LP, 2.63 in those with laryngeal dyskinesia, and 2.32 in those with bilateral LP.
The requirement for tracheostomy at the time of LEMG correlated negatively with the overall mean LEMG score (r = −0.4; P = .04) and with the abductor LEMG score (r = −0.5; P = .04). On performing multivariable analysis, no independent variables significantly predicted the requirement for tracheostomy ( Table 3 ). The power of the test was less than 50%; therefore, these results should be considered with caution.
The sensitivity of LEMG performed against the endoscopic findings was 100%, while the specificity was 89.7%. Abbreviations: DRD, diagnosis that affects the respiratory drive; LEMG, laryngeal electromyography; SAL, secondary airway lesion.
The positive predictive value was 63.6%, and the negative predictive value was 100%. The overall accuracy was 86.36%. These results are shown in Table 4 .
Four patients with bilateral LP who had a tracheostomy were treated with partial cricotracheal resection, tracheal resection and end-to-end anastomosis, arytenoidectomy, and suture lateralization. The first 2 were decannulated as a result, but the other 2 were not. None of the rest received any other modalities of treatment.
The status of decannulation at a later date was taken into consideration. If the patient required a tracheostomy shortly after the diagnosis, then the patient was accounted for as such. Hence, whether the patient had a later procedure should not affect this analysis.
Of the 8 patients who required tracheostomy, 4 had subglottic stenosis, 1 had tracheomalacia, 1 had tracheal stenosis, 2 with glottic webs, 1 with grade 3 laryngeal cleft, and 1 with arytenoid dislocation. Five patients had more than 1 airway lesion. In the 15 patients who did not require tracheostomy, 1 had posterior glottic stenosis, 1 had subglottic stenosis, 3 had type 1 laryngeal cleft, 3 had laryngomalacia, 1 had arytenoid dislocation, and 1 had postintubation granuloma. Only 1 patient had more than 1 associated airway lesion. Once the patients were subgrouped in this manner, no meaningful statistical comparison was feasible owing to the sample size.
COMMENT
In this retrospective study, we used a uniform technique for LEMG in a series of consecutively managed neonates and children. We used a novel grading system based on the amplitude and timing of the AP in relation to the respiratory cycle, which, to our knowledge, is a first in the literature. The results showed a significant correlation between the mean grades of the LEMG results and requirement for tracheostomy. It was also interesting to see that the mean LEMG grades attached to various diagnoses mirrored their expected clinical impact on the patients and demonstrated a change from the normal to the bilaterally affected larynx with decreasing values for both the abductor and adductor muscles. Judged against the reference standard test (endoscopy), the LEMG grading proved to be a highly accurate test (86.36%).
Despite the modest sample size (although one of the largest in the literature), the series included a variation of mobility disorders that represents the full spectrum the clinician might encounter and affords a range that helps in validating a grading system. None of our patients developed any complications related to the procedures.
We performed a literature search on PubMed using the search words "laryngeal electromyography," "laryngeal mobility disorders," "voice," "vocal folds," and "laryngeal paralysis." The search spanned from 1966 through the present and was limited to English language and children. On reviewing the titles and abstracts produced, only 8 articles were found suitable to evaluate. 3, [6] [7] [8] [9] [10] [11] [12] We reviewed these references critically with respect to sample size, study design, technique, muscles sampled, use of a scale/grading for the findings, diagnoses assessed, conditions of anesthesia, and whether serial measurements took place ( Table 5 ). We will comment on one of these studies 9 separately because the conditions of the experiment were very different. Abbreviation: LEMG, laryngeal electromyography. a The sensitivity was 100%, the specificity was 89.7%, the positive predictive value was 63.6%, the negative predictive value was 100%, and the accuracy was 86.36%. Historically, the first use of LEMG for evaluation of mobility disorders in children was in 1987 by Koch et al 6 ; since then, the technology has strived to improve and to reduce interference with other equipment and sources in the operating room. Indeed, there are many differences regarding technique and conditions among the subsequent studies ( Table 6 ). For example, while most used monopolar electrodes, only 2 used the bipolar variety 8, 9 ; aside from the studies by Berkowitz   7 and Jacobs and Finkel, 8 the remaining works sampled either thyroarytenoid or posterior cricoarytenoid muscle only, leaving out the posterior cricoarytenoid more commonly.
From the perspective of the conditions of testing, with the exception of the study by Ysunza et al, 11 who tested cooperative older children in the awake state, all studies used LEMG in the operating room under general anesthesia. Regarding the specific anesthesia protocol, the latest 3 studies (by Scott et al, 3 Jacobs and Finkel, 8 and Maturo et al 12 ) abandoned the previously used inhalational technique, which potentially can affect laryngeal movement, and used intravenous agents, allowing better control of the duration and depth.
All the cited studies were noncontrolled and retrospective (aside from those by Ysunza et al 11 and Maturo et al 12 ) . The sample sizes varied between 4 and 32 patients (median, 10 patients). The study by Koch et al 6 remains the only one to propose a 5-point scale of the LEMG findings; however, it was never validated or used again. None of the studies took to testing the diagnostic accuracy of LEMG except the analysis by Ysunza et al, 11 which purported near-perfect sensitivity (100%) and specificity (92%). Further, serial measurements over time were performed only in the latest 2 studies by Scott et al 3 (4 patients) and Maturo et al 12 (8 patients) , but there was no longitudinal follow-up at equivalent times for all patients included. Ultimately, the series in these studies were nonconsecutive and largely limited to patients with LP, aside from the study by Wohl et al. 10 This along with the absence of a validated grading system highlight the understandable exploratory nature of these investigations and the limitations on attempts of correlating the findings with the natural history of the disease.
Our study shares some limitations with past works, namely the relatively small sample size, retrospective nature, and lack of a blinded neurophysiologist. However, we used a uniform technique of LEMG (sampling both the main adductor and abductor muscles) and the same general anesthetic protocol throughout. Despite the lack of a matched control group, there were 3 patients who had no movement abnormalities and their recordings were completely normal, and there were 5 hemilarynges among those who had unilateral LP and normal recordings. These patients and the narrow standard deviations should be a reassuring factor for the reliability of the measurements.
The grading system judges the timing of APs recorded in addition to their amplitude and thus considers the probability that synkinetic activity (grades 0 and 1) can adversely affect the clinical picture more than total neurological silence (grade 2). Despite drawing our sample from a single center, the patients included were consecutive and exhibited a varied spectrum of pathological findings. This allowed traditional decisions of management (based on differentiating fixation from paralysis) to be reconfirmed as a utility for the test. It also helped exclusion of vincristine neurotoxic effects, avoided tracheostomy in 3 patients, and bolstered a decision to decannulate another 2. Although we are not in a position as yet to comment on the results of serial LEMG owing to the currently small number of patients with more than 1 evaluation, the potential exists for changing management if appropriate longitudinal studies with more patients are undertaken. In one of the larger studies to date, we have described a uniform protocol for performing LEMG to investigate laryngeal mobility disorders in children. The novel grading system has a high overall accuracy and caters to both the adduction and abduction functions. 
